Abstract Recently, stretchable and transparent electrodes have received great attention owing to their potential for realizing wearable electronics. Unlike the traditional transparent electrodes represented by indium tin oxide (ITO), stretchable and transparent electrodes are able to maintain their electrical and mechanical properties even under stretching stress. Lots of research efforts have been dedicated to the development of stretchable and transparent electrodes since they represent the most important engineering platform for the production of wearable electronics. Various approaches using silver nanowires, nanostructured networks, conductive polymers, and carbon-based electrodes have been explored by many world leading research groups. In this review, present and recent advances in the fabrication methods of stretchable and transparent electrodes are discussed.
I. Introduction
Wearable electronics are rapidly evolving towards a new generation of deformable electronics, i.e., electronic devices that can be flexible, rollable, and stretchable. [1] [2] [3] [4] [5] [6] [7] Especially, stretchable electronics represent one of the most sophisticated and complicated technologies, since each of their constituting components must not only overcome the compressive and tensile stress, but also maintain its electrical and mechanical properties during stretching in various directions [8] [9] . Therefore, many researchers have explored the development of deformable materials that can replace the elements constituting the conventional electronic devices. For all electronic devices fabricated on rigid substrates, such as flat panel displays, touch panels, solar cells, and smart windows, indium tin oxide (ITO) has been adopted as transparent electrode owing to its excellent electrical and optical properties. However, with the advent of evolutionary technologies allowing the realization of deformable electronics on stretchable substrates, it has become necessary to search for other transparent electrode materials that can replace ITO, since it can significantly lose its electrical and mechanical properties upon stretching, bending, or rolling [10] [11] . Furthermore, due to the limited global reserves of ITO and consequential price fluctuations depending on demand and supply, its manufacturing cost is continuously increasing [10, 12] .
In this context, we wish to focus our discussion on the principal fabrication methods and current issues of next generation stretchable transparent electrode materials. Beyond the use of conventional ITO, in the past several years many research groups have increasingly explored the viability of stretchable transparent electrodes such as silver nanowires (AgNWs), nanostructured networks, conductive polymers, carbon-based electrodes, and nanotrough networks, which in some cases exhibited outstanding flexibility, electrical and optical properties.
II. Fabrication Methods

Silver nanowires (AgNWs)
Various growth methods for the preparation of single crystalline metallic nanowires have been developed by many research groups, since they represent the most promising next generation transparent electrode materials. Among the several metallic nanowires that have been produced so far from copper, gold, and silver, AgNWs have raised particular interest since they exhibit outstanding electrical and optical properties compared with the other metallic nanowires due to their synthetic scalability that allows to obtain extremely thin and long materials [13] [14] [15] [16] [17] . Therefore, in this review, we summarize some of the latest fabrication processes of stretchable transparent electrodes made of AgNWs.
In order to achieve a stretchable conductive AgNW electrode embedded within a stretchable polymer such as polyurethane (PU), poly(styrene-block-butadiene-blockstyrene) (SBS), polystyrene-polyisoprene-polystyrene (SIS), and poly(dimethylsiloxane) (PDMS), common liquid coating methods including spray, spin, and dip coating processes cannot be employed owing to a weak junction cohesion that may lead to a loss of electrical conductivity under the stretching strain [7, [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] . In order to preserve the electrical properties of AgNWs, while overcoming the crucial issues mentioned above, many research groups have proposed hybrid AgNW structures to fabricate stretchable transparent electrodes. Figure 1 shows the hybrid structures obtained by combining AgNWs with PDMS. The most common process to fabricate hybrid AgNW/PDMS electrodes is an embedding process that was developed by Liou et al. [21] ; the schematic diagram of this process is depicted in Figure  1a . Firstly, an AgNW/ethanol solution was spray-coated on the detachable substrate by using an airbrush gun, and subsequently the above PDMS viscous liquid was poured onto a substrate. After curing, the AgNW/PDMS hybrid film was peeled off from the substrate. In the case of G. S. Liou et al., a syringe was used to inject a solution of heptyl viologen (HV) with an electrolyte (0.005 M in CH 3 CN containing 0.1 M TBAP as supporting electrolyte) between two hybrid AgNW/PDMS electrodes to fabricate electrochromic devices (ECDs). However, despite the advantage of the easy fabrication of a stretchable transparent electrode, it was observed that the resistance increased linearly as the stretch strain increased, as shown in Figure  1b . This is because the stretch strain produces a significant stress at the junction of AgNWs and redcues conductivity due to the weak contact adhesion between the wires.
In other reports by Kim et al. and Lee et al., polyurethane urea (PUU) or reduced graphene oxide (rGO) was coated on the AgNWs to enhance the adhesion between NWs, by forming a PDMS sandwich structure [7, 20] . By using PUU dispersed with ZnS microparticles onto the AgNWs/PDMS film, Kim et al. could fabricate electroluminescent (EL) devices, which could be stretched up to 150% and survived 5000 cycles of 100% applied strain, as shown in Figure 1c . This may be due the overcoating of PUU on the AgNWs deposited on the hydroxylated PDMS that resulted in a superstable, stretchable transparent electrode, in which the hydrogen bonding between the hydroxyl groups and urea (or urethane) potentially enhances the interlayer interactions. Similarly, the AgNW/rGO electrodes embedded into a PU dielectric layer showed no significant change in resistance under 50% of strain, as shown in Figure 1d . The addition of rGO on AgNWs enhanced both the conductance and stretchability of the AgNW conducting network. The different Poisson's ratios between the PDMS substrate and PU dielectric layer helped to reduce the stretch strain at the junctions of NWs.
Nanostructured networks
As mentioned above, there are several issues associated with the fabrication of stretchable transparent electrodes by using AgNWs, such as the difficulty in achieving a homogeneous dispersion of the nanowires, haze effect caused by irregular NW arrays making the electrode opaque, and poor adhesion between the NWs and the substrate. Thus, several bottom-up strategies to fabricate nanostructured networks by using metal deposition have also been reported [24, 27, [30] [31] . Figure 2a shows the fabrication method of a prestrained Au nanomesh (AuNM) stretchable transparent electrode. In order to improve the adhesion between the AuNMs and the PDMS substrate, Ren et al. employed 3-mercaptopropyltrimethoxysilane (MPTMS) molecules to form Au-S bonds. After producing hydroxyl groups (oxidation) on PDMS, the MPTMS molecules can form a self-assembled monolayer (SAM) on it through the formation of chemical bonds (-Si-O-Si-units). The deposition of Au on the assembled MPTMS SAM surface was then obtained by using grain boundary lithography, which uses the open grain boundary network of a SAM structure as deposition site. Figure 2b shows the low and high-magnification SEM images of an S-AuNM covered by an AgNW network, upon scratching by tweezers, indicating that the S-AuNM still remains on the substrate, while the Ag NWs are mostly removed. The S-AuNMs exhibited a much better scratch-resistance than the solution-processed AgNW networks. As it can be observed in Figure 2b , the S-AuNM exhibits an enhanced adhesion on the PDMS substrate compared with AgNW. Furthermore, the firmly adhered S-AuNM retained its original morphology even after the scratch-test. The normalized sheet resistance change of the prestrained S-AuNM is shown in Figure 2c . The sheet resistance of the prestrained S-AuNM decreased until 120% of the strain, while the normalized sheet resistance was less than 0.5 in the range from 70 to 140% of stretch strain.
Unlike grain boundary lithography that produces irregular nanostructures, Park et al. fabricated metallic nanomesh architectures by using anodized aluminum oxide (AAO) templates and metal sputtering. The synthetic routes to produce stretchable transparent metallic nanomeshes are illustrated in Figure 2d . Particularly, AAO templates have large, ordered, and tunable dimensions; moreover, their pore size and periodicity can be easily modulated. After sputtering of Pt on one side of an AAO template, a PMMA adlayer is formed on the top of Pt, followed by the deposition of Ag on top of PMMA. The final Pt nanomesh, whose structure is a replica of the AAO, is then fabricated by sequential removal of the AAO, Ag, and PMMA and transfer onto a PDMS substrate. Figure 2e shows the SEM images of Pt nanomesh structure films formed with a sputtering time of 40, 50, and 60 s. The resulting nanomeshes exhibited a bridge width of 11 ± 2, 22 ± 3, and 30 ± 2 nm, respectively, upon increasing of the sputtering time. Therefore, by using an AAO template and metal sputtering, it was found that the sheet resistance and transmittance of stretchable transparent electrodes could be easily modulated by adjusting the sputtering time. The change in resistance of the Pt film (R/R 0 , where R 0 is the initial resistance at zero strain) with a nanomesh structure film transferred on a PDMS substrate is shown in Figure  2f . It can be seen that the Pt film is a bulk type film that has a thickness of 22 nm without exhibiting any nanomesh pattern. The Pt film and Pt NM were stretched in the y-axis direction. In the case of the Pt film, no resistance change ensued up to a 2.0% stretch ratio; however, an electrical disconnection suddenly occurred at 2.3% stretch strain as indicated by a dramatic increase in resistance. On the other hand, PtNM retained its initial resistance up to 16.8% stretch ratio, but finally also lost its conductivity under a further stretch strain. In conclusion, PtNM possessed a 7 times higher mechanical tolerance than the bulk Pt film. Furthermore, the presented metal architecture is easy to scale up and can be fabricated using various metals, thus it is expected that similar noble metal architectures may exhibit a localized surface plasmon effect.
Conductive polymers
The above-mentioned stretchable transparent electrodes composed of metallic nanomaterials should be fabricated in such a manner that a vacant space is formed between the electrodes in order to allow the light to pass through. Conductive polymers, which are represented by poly(3,4-ethylenedioxythiophene) doped with poly(styrenesulfonate) (PEDOT:PSS) and pyrolyzed polydopamine (PPD), are also promising candidate materials because of their high transparency, excellent film uniformity, high conductivity, and ability to reversibly withstand mechanical deformations. The electrical conductivity of conductive polymers can be improved by increasing their film thickness; however, this leads to a reduced transparency due to their characteristic absorption of the light in the visible wavelength region. Therefore, different efforts have been concentrated to improve the properties of conductive polymers and utilize them for the fabrication of stretchable transparent electrodes [32] [33] [34] [35] [36] .
Bao et al. found that highly conductive and transparent PEDOT:PSS films could be obtained with the use of the fluorosurfactant Zonyl as additive [35] . In order to obtain a PEDOT:PSS solution, 5 wt% of dimethylsulfoxide (DMSO) and different amounts of Zonyl were added to PEDOT:PSS. DMSO is a 'secondary dopant', which improves the morphology and conductivity of PEDOT:PSS films by 2 to 3 orders of magnitude. Figure 3 shows the direct current (DC) to optical conductivity ratio and sheet resistance as a function of the Zonyl concentration in wt%. Bao et al. found that the use of Zonyl, in addition to DMSO, enhanced the conductivity of PEDOT:PSS. The sheet resistance of the PEDOT:PSS without any additives was over 105 Ω −1 at 97% of transparency (at 550 nm). With the addition of 5 wt% DMSO, the sheet resistance decreased to 370 Ω −1 at 97% Tr (transmittance). However, as the amount of Zonyl increased from 0.01 to 0.1 wt%, the conductivity further increased by 35% to 240 Ω −1 with no transmittance change at 550 nm for one-layer films.
Another issue that has been raised is the achievement of stretchability, while maintaining or improving conductivity. Conductive polymers possess an excellent electrical conductivity and mechanical stability during the 'stretch and restore' process; however, their conductivity decreases when a strain force is applied. In order to improve the stretchability of conductive polymers, many researchers have explored the formation of composite structures between conductive polymers and other support materials. Lee et al. functionalized PEDOT:PSS with ionic liquids to enhance its mechanical properties, and achieved an improved stretchability upon application of a longitudinal stretching strain [32] . The authors selected 1-ethyl-3-methylimidazolium tetracyanoborate (EMIM TCB) as ionic liquid, which was added to an aqueous PEDOT:PSS solution in amounts ranging from 0.5 to 1.0 wt%, and observed the corresponding changes in conductivity and sheet resistance, as shown in Figure 4a and 4b, respectively. By increasing the concentration of EMIM TCB, the conductivity continuously increased from 1 S cm −1 for pristine PEDOT:PSS to 1280 S cm −1 for 1.5 wt% EMIM TCB containing PEDOT:PSS. Although highly concentrated PEDOT:PSS solutions containing EMIM TCB exhibited a higher conductivity of the composite films, the >2.0 wt% EMIM TCB solutions were too viscous to be solution-processed and also partly precipitated owing to aggregation. Therefore, the PEDOT:PSS containing below 1.5 wt% EMIM TCB displayed a better uniformity and smooth surface roughness of the films. Figure 4b shows the change in normalized resistance (i.e., R/R 0 = final resistance/initial resistance) as a function of the tensile strain (ε) for the film containing EMIM TCB at various densities. Figure 4c illustrates the optical microscopic images of the PEDOT:PSS films with and without 1.0 wt% EMIM TCB after stretching and releasing under various stretching strains. The pristine film was broken under strains as low as 10%. In contrast, the PEDOT:PSS films blended with amounts of EMIM TCB ranging from 0.5 to 1.5 wt% exhibited a gradual increase of strain-stability.
Carbon-based electrodes
Carbon-based electrodes, including carbon nanotubes (CNTs) and graphene, are alternative transparent electrodes endowed with a high transparency and flexibility, although they possess a relatively low electrical conductivity. Therefore, many research groups have attempted to increase the electrical conductivity of these electrodes by using chemical treatments or forming hybrid structures with other conductive and transparent materials [37] [38] [39] [40] [41] [42] [43] [44] .
CNTs are the earliest developed carbon-based materials that have been actively investigated to increase the physical elasticity and mechanical strength by combination with various steel materials. Since the discovery of the physical flexibility and high transparency of CNTs, various studies have been conducted to establish them as substitutes for next generation transparent and stretchable electrodes. In order to overcome the drawbacks of CNTs mentioned above, Zhou et al. enhanced their electrical conductivity by sequential treatment with nitric acid and chloroauric acid (HAuCl 4 ), thus forming Au-CNTs [37] . The initial value of sheet resistance of the CNT film treated with nitric acid was 182 Ω after immersion in nitric acid. In order to enhance the conductivity of the CNT film further, a solution of chloroauric acid in ethanol was spin coated on the CNT film. As the concentration of HAuCl 4 increased, the sheet resistance of the CNT film decreased significantly owing to the large reduction potential of the Au 3+ ion, which is a p-type dopant and thus aids to increase the conductivity of the CNT film. Moreover, the sheet resistance of the Au-CNT film decreased rapidly at 5 mM, and remained steadily low at higher concentrations.
Graphene is a well-known new generation carbon-based material that is most commonly studied as a transparent electrode, after Geim revealed its excellent electrical and physical properties [45] [46] [47] [48] [49] . However, in view of its use as a stretchable electrode, its stretchability is limited by the high stiffness of graphene in two dimensions. Thus, recent research on stretchable graphene electrodes has been carried out concerning the structure design or its combination with other materials [38, [43] [44] .
Park et al. reported a fabrication method of omnidirectionally stretchable and transparent graphene electrodes [39] . Figure 5a shows the schematic illustration of the step-by-step fabrication method of a transparent and stretchable graphene electrode including PDMS spincoating, curing, and Cu etching processes. In order to enhance the stretchability of graphene, Cu foil was prepatterned by pressing it with a Fresnel lens, which acted as a patterning mold. Then, after the growth of graphene, PDMS was spin-coated on the prepatterned Cu foil. As final step, the PDMS film was thermally cured, and the Cu foil was chemically etched by using a Cu etchant. Figure  5b shows the photograph of a graphene/PDMS freestanding film, which exhibited well-defined, concentric circle patterns. The mechanically enhanced flexible and stretchable properties of textured graphene compared with flat graphene are depicted in Figure 5c and 5d. When the film was folded with a bending radius (r) as small as r = 0.5 mm and stretched up to 30% of the tensile stress, the textured graphene/PDMS film maintained its electrical properties. Furthermore, the recovered sheet resistance of the textured graphene/PDMS film was nearly the same under both bending and stretching conditions. Park et al. combined graphene with a metal nanowire or metal nanotrough to produce hybrid structures for high performance and stretchable electrodes [43] [44] . Compared to a single graphene sheet, metal nanowire, or metal nanotrough, the formation of a hybrid structure can improve the mechanical stiffness against the stretching strain due to the percolating network, which simultaneously charge transport in the hybrid nanostructure. Figures 6a-c show the SEM images and the change of sheet resistance of each hybrid graphene/metal nanowire and graphene/metal nanotrough, respectively. As it can be seen in Figure 6b , the hybrid graphene/metal nanowire electrode could be stretched up to 100% tensile strain with a negligible resistance change. Moreover, it was found that a randomly arrayed nanotrough with graphene could further enhance the stretchability compared to an aligned nanotrough network with grapheme, as shown in Figure 6c . These results show that the combination of graphene with a metal nanowire or metal nanotrough improves the stretchability since the graphene layer can maintain its conductive paths by covering the local disconnections of the metal lines.
III. Conclusions
Stretchable and transparent electrodes are one of the most important components in wearable electronics. Herein, recent advances in the development of stretchable and transparent electrodes using AgNWs, nanostructured networks, conductive polymers, and carbon-based electrodes have been discussed. Especially, the fabrication methods and characterization of stretchable and transparent electrodes have been described in detail in this review. Although various approaches have been explored so far to enhance the stretchability while maintaining the transparency, there are still requirements that need to be met. Each type of stretchable and transparent electrode has some inherent problems, and various strategies to solve these aspects are required. In the case of AgNWs, remaining issues are related to the dispersion of the NWs and the haze effect. The nanostructured electrodes possess a relatively low stretchability, while the electrical conductivity of conductive polymers and carbon-based materials should be enhanced to be used as conductors.
Over the past decade, tremendous research efforts have revealed that the development of stretchable and transparent electrodes is one of the most important engineering platforms to realize wearable electronics. Applications employing new generation stretchable electronics, including bioelectronics, biomedical, healthcare, and wearable devices, are expected to emerge and change our life in the near future. 
